Electrochemical decomposition of fluorinated surfactants (PFAS, perfluorinated alkyl substances) used in the plating industry was analyzed and the decomposition process parameters optimized at the laboratory scale and production scale of a 500-liter reactor using lead electrodes. The method and system was successfully demonstrated under production conditions to treat PFAS) with up to 99% efficiency in the concentration range of 1,000-20,000 μg/l (1 ppm-20 ppm). The treatment also reduced hexavalent chromium (Cr 6þ ) ions to trivalent chromium (Cr 3þ ) ions in the wastewater. If the PFAS-containing wastewater is mixed with other wastewater streams, specifically from nickel plating drag out solution or when pH values >5, the treatment process is ineffective. For the short chain PFAS, (perfluorobutylsulfonate) the process was less efficient than C6-C8 PFAS. The process is automated and has safety procedures and controls to prevent hazards. The PFAS were decomposed to hydrogen fluoride (HF) under the strong acid electrochemical operating conditions. Analytical tests showed no evidence of organic waste products remaining from the process. Conventional alternative PFAS removal systems were tested on the waste streams and compared with each other and with the-E-destruct (electrochemical oxidation) process. For example, ion exchange resin (IX resin) treatment of wastewater to complex and remove PFAS was found to be seven times more efficient when compared to the conventional activated carbon absorption (C-treat) process. However, the E-destruct process is higher in capacity, exhibits longer service life and lower operating costs than either IX or C-treat methods for elimination of PFAS from these electroplating waste streams.
INTRODUCTION
Worldwide manufacturing facilities use electroplating processes to apply a bright, protective copper/nickel/chrome surface finish to plastic and metal substrates. Electroplating process solutions contain wetting agents or surfactants to uniformly wet the surface (low contact angle) and protect worker safety by suppressing mist and aerosols from the chrome electroplating step. Fluorinated wetting agents (PFAS, also known as perfluoroalkyl substances) are used also in the chromic acid containing plastic surface etch solution. The best-known and most widely used representative of this class of compounds is PFOS (perfluorooctanesulfonic acid, C 8 F 17 SO 3 H). The wetting agent(s) are carried from the plating bath or etch solution by drag out on the part surface into following aqueous rinses which then comprise a waste treatment stream which, in common practice, includes metal ion reduction, adsorption, filtration and sludge removal. Since documented PBT characteristics (i.e. persistent, bio-accumulative and toxic) of PFAS are regulated and restricted under procedures of governmental authorities (Tanniyasu et al. ; Fricke & Lahl a, b; Fromme ; German EMPR ; Wang et al. ) , most chemical supply companies, as well most manufacturers and finishers, such as Hansgrohe SE, have substituted perfluorinated alkyl sulfonates with partly fluorinated wetting agents, such as H4PFOS (C8H5F13O3S, CAS# 27619-97-2), also known as 6:2 fluorotelomer sulfonate, for the same or similar applications (see structure H4PFOS below).
The presence of CH bonds vs. CF bonds in the surfactant compounds results in higher usage because they are not as stable in the highly oxidizing working solutions, but are also assumed to be less stable in the external environment when they are emitted from the plant. The PBT properties of H4PFOS, 6:2 fluorotelomer sulfonate, have recently been studied in activated sludge of wastewater treatment plants (Wang et al. ) . Due to the low biodegradation of PFOS, H4PFOS may be assumed to have persistent behavior in nature as well. For example, since the substitution of PFOS by H4PFOS in the electroplating industry, because of legislative requirements, the Rhine River in Germany has seen recent increase in H4PFOS and a decrease in PFOS in comparison to 2007 (Lange et al. ) . This and other alternative substances are only partially removed in municipal wastewater treatment plants from the industrial waste stream. A partial microbial decomposition of fluorotelomers has been reported (Key et al. ) . Sustainable technology approaches are required to eliminate or severely reduce even partly fluorinated surfactants in the wastewater.
For this purpose, a process of activated carbon filtration system (C-treat process) was developed in a previous project at Hansgrohe Germany to reduce contamination by PFOS (Fath ) . Nevertheless, an improvement is necessary in this method because perfluorobutanesulfonic acid (PFBS, C4HF9O3S CAS#375-73-5) is present at 10% in PFOS and is only minimally adsorbed on activated carbon. This specific problem can be solved by using H4PFOS since it is free of byproducts.
Nevertheless, there is a need for improving or replacing the active C-treatment process because of the relative high cost to implement the C-treatment process, including special training and intensive process control by operators. Additionally, the activated carbon waste containing PFAS must be combusted after use to eliminate the toxic PFAS substance by forming inorganic fluoride salts. Because of the irreversible binding of PFAS to active carbon, an economically feasible regeneration is not possible (Carter & Farrell ) . Other adsorbing or decomposing methods to eliminate PFAS have been described in the literature (Albers ) . An applied method is thermal decomposition at temperatures above 1,200 W C (Wickbold ; Sweetser ; Tsang et al. ) . This process in which fluorine containing substances are released into the air has an environmental cost.
A new process was developed using electrolytic current to destroy the per-and polyfluorinated wetting agents and compared to the active carbon absorption filtration treatment (C-treat) process previously evaluated for absorbing PFOS and PFBS.
An electrochemically based waste treatment process is familiar and accepted in electroplating operations. Since partially fluorinated wetting agents are used in diverse plating applications and processes, laboratory studies led to the development of a reactor design and equipment to handle and eliminate the partially fluorinated wetting agent, H4PFOS, 6:2 fluorotelomer sulfonate. The developed process was also confirmed to be effective in decomposition of PFOS, which is still permitted for these applications/operations in some jurisdictions.
Electrochemical decomposition of organic substances to carbon dioxide and water is a well-known organic chemistry reaction (March ) . Also, the electrochemical decomposition of PFOS from wastewater has been investigated (Ullrich ). One method using synthetic diamond electrodes was published on the degradation of PFAS in sewage (Debus ).
An important difference of the new method from those previously described is that the electrochemical destruction processes are carried out in a specific waste stream solution of strong acid containing chromium VI ion at an industrial plant scale using lead oxide anodes. The new process is less costly and more practical to install in industrial operations than processes using physical vapor deposition (PVD) diamond-coated niobium or platinum titanium (Pt/ Ti) anodes.
EXPERIMENTAL MATERIALS AND METHODS

PFAS analysis
PFAS analysis was done by high performance liquid chromatography and mass spectrometric detection (HPLC-MS-MS) following the procedure described in the German Standard Method DIN 38407-42 (Lange et al. ; German Standard Methods ) . Reference compounds were obtained from Wellington Laboratories (Guelph, Canada) or LGC Standards (Wesel, Germany). Purities were >96% for all compounds. C 13 -isotope-labeled PFAS compounds from Wellington Laboratories were used as internal standards. HPLC-grade water was prepared by a Milli-Q-System from Sartorius (Göttingen, Germany). All solvents used were HPLC grade and were purchased from Merck (Darmstadt, Germany). Ammonium acetate (p.a. purity) was purchased from Fluka (Buchs, Switzerland).
All samples were stored in plastic bottles at 4 W C in the dark and analyzed as soon as possible. If concentrations exceeded the calibration range, samples were diluted accordingly by tap water that was free of PFAS.
Prior to the pre-concentration of the analytes, the pH of the samples was adjusted to 5 by addition of caustic soda or hydrochloric acid. Then a solution of the internal standards in methanol was added. Solid-phase extraction (SPE) was done on 200 mg Strata X-AW material from Phenomenex (Aschaffenburg, Germany). Pre-conditioning of the material was done with methanol (4 mL) and HPLC-grade water (2 × 4 mL). Then 50 mL of the water samples were pre-concentrated with a flow rate of ca. 0.8 mL/min. Afterwards, the SPE material was dried in a gentle stream of nitrogen. Elution of the target analytes was done by pure methanol (2 × 2 mL) and a 0.1% solution of ammonia in methanol (3 × 2 mL). After elution, the organic solvent was evaporated to dryness in a nitrogen stream. The dry residue was re-constituted in 75 μL methanol and 75 μL HPLC-grade water. Then HPLC-MS-MS analysis took place.
Five microliters of the methanol/water mixture were injected into a liquid chromatograph 1,260 from Agilent Technologies (Waldbronn, Germany) which was coupled via an electrospray interface to an API 4,000 tandem mass spectrometer from AB Sciex (Langen, Germany). Chromatographic separation was done on a Gemini analytical column from Agilent Technologies (250 mm × 2.0 mm, 5 μm) using a 10 mM aqueous ammonium acetate solution (eluent A) and a solution of 10 mM ammonium acetate in methanol as elution solvents. The elution gradient started at 55% of eluent A, changed to 3% of eluent A until minute 24, stayed constant until minute 31 and was adjusted back to 55% of eluent A between minute 31 and minute 32. After 9 minutes equilibration time, the next run started. Flow rate of the eluent was 0.2 mL/min and the temperature of the column oven was set to 40 W C. Detection of all PFAS was done in negative mode applying an ionization voltage of À4.5 kV. Before and after each series of samples, a control sample and a blank sample were run. Detection of the target compounds was done in the MRM (multireaction monitoring) mode using the transitions defined in DIN 38407-42. Mass spectrometry (MS) parameters were optimized for the specific ion transitions of each analyte. Quantification was done against a calibration in tap water.
Equipment for the fluoride analytics
The fluoride concentration was measured in 0.1 M NaOH solution with pH/ion meter (F. Metrohm 692) and Dosimat 665, a fluoride-sensitive working electrode (Art #6.0502.150), with Pt 100 (Art. #61103.000) and Ag/AgCl (Art. #6.0733.100) reference electrode. The calibration was made with a fluoride standard (1,000 mg/l Merck) in 0.1M NaOH solution. Laboratory-scale experiments were made to define optimum working conditions. Therefore, the separated chrome wastewater of the plating on plastic facility was used. This wastewater contains the oxidatively stable fluorinated wetting agents in a concentration between 10,000 and 20,000 μg/L and sulfuric acid and chromic acid. The pH is between 1.0 and 1.2 and the hexchrome concentration reaches a maximum of 5 g/L. Because of drag out of other electrolytes on the plating line, especially from the electroless nickel tank, the wastewater contains some traces of lead ion. Chemical resistant electrodes like anode plates or anodes made of platinized titanium expanded metal and lead rod cathodes are used in laboratory-scale dimensions. The influence of exposition time, current density, anodic material and electrode distance were carried out in a three-liter glass beaker with a wastewater volume of two liters with the abovementioned concentrations. Flat lead electrodes with the dimensions 200 mm × 30 mm × 5 mm and flat platinized titanium expanded metal electrodes with the dimensions 200 mm × 60 mm × 2 mm were used. The current density applied was in the range of 1-3 A/ dm 2 . The electrode distance was fixed at 30 mm and 60 mm. The reaction time was 120 or 180 min. During that reaction time, the temperature of the water increased from 20 W C to 50 W C.
To investigate the influence of the decomposition rate from the reaction temperature and to analyze the process gasses, a closed double-walled glass reactor with a volume of two liters was used. The temperature was controlled with a thermostat and the process gasses were passed through two washing bottles filled with 0.1 M NaOH solution. Attached to the glass wall of the reactor, a cylindric Pt/Ti mesh was placed and, inside, a cylindric lead cathode with a diameter of 30 mm. The distance between these two electrodes was 50 mm. Two liters of collected wastewater from the plating department were treated at three different temperatures (40 W C, 50 W C and 60 W C) for 2 hours. In the last trial, the process gases were transferred through the washing bottles. The sodium hydroxide solution in the washing bottles were both analyzed for fluoride concentration.
A 500-liter reactor was built up and integrated into the wastewater treatment line (Figure 1 ). The pilot scale reactor held 36 lead (Pb93Sn7) electrodes with an active surface of 700 mm × 400 mm in parallel in the 500-liter polyvinylidene fluoride (PVDF) tank with a spacing of 30 mm and connected as anode and cathode alternating. A polarity reversal device is connected to change polarity after each batch treatment. This is an important feature for self-cleaning of the electrodes which reduces maintenance. The active anodic surface in total is 10 m 2 . The electrochemical treatment runs between 1 and 2 hours depending on the temperature of the incoming wastewater. 2,000 A are applied which is equivalent to the applied current density of 2 A/dm 2 . Figure 1 shows the implementation into the wastewater treatment line. Hexochromic Cr 6þ containing wastewater is collected in tank B13. In the standard treatment process, the hexavalent chrome is reduced with sodium bisulfite solution in tank B14 to generate trichromic Cr 3þ . The trichrome solution is then precipitated with lime into chrome hydroxide (Cr(OH) 3 ), which is separated from the water by a filter press at the end of the process. To get rid of the fluorinated tensides in the wastewater, the water stream is directed from tank B13 into the tank B13.1, and from there into the reactor where batches of 500 liters could be treated with 2,000 A for 1-2 hours. The temperature of the treated wastewater in the reactor rises to 60 W C. The hot solution on the way to the B14 reduction process (50% of Cr 6þ has been reduced already electrochemically) passes a heat exchanger in tank B13.1.
The wastewater is cooled down to <40 W C (important for the quantitative precipitation of the Cr(OH) 3 ). The next batch enters the reactor warmed up, which reduces the treatment time. Process gasses like hydrogen, HF, and chrome aerosols are exhausted from the closed system and passed through a wet alkaline washer. The washing solution is directed into the wastewater system of the plating line where Cr(OH) 3 , CaSO 4 and CaF 2 is formed and separated onto the filter cake.
RESULTS AND DISCUSSION
Results Activated carbon filtration system (C-treat) has previously been shown to successfully remove perfluorinated and partially fluorinated wetting agents from a plating wastewater stream (Lange et al. ) . However, this absorption/filtration technique has practical disadvantages in production: e.g., relatively high set up costs and labor intensive process control, such that an alternative would be desirable. The main reason for the current research project was to develop an alternative within the chrome wastewater treatment reactor using lead anodes to electrochemically decompose perfluorinated and partially fluorinated wetting agents (PFAS). A 500-liter scale wastewater tank reactor containing both the Cr 3þ ion and the Cr 6þ ion reproducibly produced high decomposition yields of up to 99% for partially fluorinated wetting agent (H4PFOS) in <2 to 3 hours (Figure 1 ). This result demonstrates that the scale up from the laboratory scale to production scale where wastewater volumes are treated was successfully managed. The starting concentration was 21,000 μg/L (21 ppm) and, after 3 hours, the concentration was measured at 331 μg/L (0.33 ppm). Comparable results were achieved in breaking down PFOS in the reactor. Although 331 μg/L is still high relative to the United States Environmental Protection Agency (US EPA) provisional health advisory drinking water standards for PFOS of 0.2 μg/L, the electrochemical process reduces the total amount of PFAS >90%. This new process is more efficient and has a very significant cost benefit since the time to achieve an end of the pipe 0.2 μg/L concentration of PFAS with C-treatment would require ten times longer. The efficiency and the capacity of different active carbon materials applied to hexchrome-containing wastewater has been investigated in a research project funded by the Ministry of Environment, Baden-Württemberg. The efficiency and the capacity of C-treat to meet drinking water standards decreases because of the reduction of the active carbon material in contact with the hexchrome in the waste stream. The capacity for the elimination of PFOS or H4PFOS with an activated carbon treatment from hexavalent chrome wastewater with a Cr 6þ concentration up to 5 g/L is about 0.6 g PFAS per 1 kg active carbon. A reduction of the PFAS incoming concentration results in an extended life service of the active carbon filters (Fath ) . The electrochemical decomposition process is not used to generate water to drinking standards directly, but to reduce the cost for doing so in combination with other polishing techniques, such as C-treatment or ion exchange.
Fluoride mass balance
In the abovementioned example, 20,669 μg/L H4PFOS is electrochemically decomposed. To understand the process and ensure that no other toxic or hazardous fluorinated compounds are generated during the process, several analytical tests have been done. Also, to identify possible byproducts, a gas chromatography/mass spectrometry (GC/MS) screening was performed. After a decomposition time of 3 hours, the chrome electrolyte was extracted twice at pH 9 and 12, respectively, with dichloromethane. The combined extract was analyzed by GC/MS. However, compared to a reference sample, no additional organic compound could be detected in the extract. The aqueous phase was additionally analyzed by HPLC-MS-MS (see Material and methods). This quantitative approach demonstrates only the decrease of the H4PFOS concentration. The concentration of none of the other reference target PFAS increased. Fluoride could not be detected in the treated acidic electrolyte, which is expected since the HF is volatile at low pH. The hexchrome-containing wastewater has a pH between 1.0 and 1.2 and, in that acidic solution, fluoride is not stable. The pKs-value of HF is 3.1 so that the HF/F À equilibrium is shifted >99% (pH ¼ pKs þ lg (F À /HF) to the HF side which volatilizes from the solution together with the produced hydrogen gas. This fluoride ion analytical balance is checked in the following experiment.
A laboratory cell for conducting decomposition studies includes enclosed equipment to trap process gasses during the electrochemical decomposition process. For example, H4PFOS (Mol.Wht. ¼ 428.16 g/mol) concentration of 11,700 μg/L (±20%) in 2,500 mL Cr 6þ /H 2 SO 4 electrolyte is electrolyzed for 2 hours at room temperature. During this time, the process gasses are bubbled through two inline connected washing bottles containing a 0.1 M sodium hydroxide solution. The H4PFOS final concentration after electrolysis is 5,824 μg/L (±20%). Although the treatment is not run to complete destruction, 5,876 μg/L (±20%) H4PFOS is decomposed. In total, 14.7 mg H4PFOS is decomposed. Since the mass contribution of fluorine in H4PFOS is 57.7%, 14.7 mg H4PFOS results in release of 8.47 mg fluoride during this destruction experiment. The total amount of fluoride found in the two washing bottles was 8.5 mg. Because of the relatively high standard deviation of the HPLC-MS-MS measurement of about ±20% in liquid samples (data Technologiezentrum Wasser Anode surface 1,000 dm 2 lead for 500 liters, current 2,000 A (2A/dm 2 ). Please refer to the online version of this paper to see this figure in color.
(TZW)) a very high, almost total breakdown (mineralization) to inorganic species of H4PFOS via this applied electrochemical method is assumed (>99%). The fluoride concentration was measured by using an ion selective electrode with a standard addition (100 mg/L NaF) technique. It can be concluded that during electrochemical treatment of low pH (pH around 1) PFAS and hexchromecontaining wastewater, no organic fluorinated compounds as side products could be detected. Fluoride ion is released during reaction from the reactor as gaseous HF which was collected and analyzed in the sodium hydroxide solutionfilled washing bottles as sodium fluoride. It is evidence of quantitative transformation of PFAS to inorganic fluoride mineral. In the production scale reactor, the process gases are exhausted and combined with all other exhausted air from hexchrome-containing tanks like the etch solution and the bright chrome bath. These gases are washed out with an alkaline wet washer and the washing solution is collected in the store tank. After reduction of the hexavalent chrome, the solution is treated in the standard wastewater treatment by adding lime solution (calcium hydroxide suspension). Within this alkaline suspension with pH of 12, metal ions like copper, nickel, chrome and lead are precipitated as metal hydroxides and the fluoride, which is also used in the bright chrome plating tank as catalyst to improve the current efficiency, precipitates as CaF 2 . After the removal of solids by filtration, the wastewater fulfills all wastewater requirements in terms of metal ion concentration and fluoride concentration (Hartinger ) .
An important question for industrial applications of the electrochemical PFAS decomposition is the anode material. Pt/Ti anodes, while very chemically resistant, are also very expensive. Lead (Pb93/Sn7) electrodes are suitable alternatives and their use results in the comparable degradation curves as shown in Figure 3 . The applied electrochemical potential at the lead electrode reaches between 8 and 10 volts in the trans-passivation area. The lead anode is passivated and a lead oxide layer is formed where oxygen is produced at the applied potential. The incoming wastewater already contains a lead concentration up to 2 mg/L. With the Pt/Ti anodes, the lead concentration reaches the detection limit of 0.1 mg/L. The lead ions are reduced and deposited on the lead cathode in the reactor. Using the lead/tin (Pb/Sn) anode, a Pb þ 2 in the wastewater of 0.3 mg/L is detected. Analysis of [Pb þ 2] in chrome waste stream solution by inductively coupled plasma (ICP) showed a constant value during the applied current. Lead ions in wastewater are commonly eliminated by lime and sulfate precipitation in a normal follow-on process sequence.
A study looking at the influence of different applied current densities to the electrodes produces curves in Figure 4 . The curves reveal no significant difference using different current densities. The degradation curves are almost parallel. Within the current density range studied, the electrochemical oxidative decomposition of H4PFOS is independent of the applied current density. Each H4PFOS molecule which reaches the anode surface is oxidized independently of the potential (V). The decomposition rate depends on the concentration with reaction order higher than zero which means that the reaction is not diffusion-or adsorption-controlled.
In Figure 5 , exponential fit of the decomposition curves exhibit a good correlation coefficient, at least in the 50-60 W C region. This is an indication that the reaction kinetics are first order, that is, the reaction rate is proportional to the concentration of the starting material. The The laboratory-scale experimental setup as described in Figure 2 was used and different current densities are applied on different wastewater solutions with different starting concentrations of H4PFOS. The quickest decrease in H4PFOS concentration is observed with the applied current density of 2 A/dm 2 . temperature dependence of reaction rae shows a decrease of half-lives with the increase of bath temperature, i.e. 40 W C: 120 min; 50 W C: 32 min ; 60 W C: 26 min at anode current density 1 A/dm 2 (10 ASF). The calculated half-lives are comparable to the measured data. This high breakdown rate of >90% was in a homogeneous <pH 2 chromium wastewater solution (Cr 3þ , Cr 6þ and sulfuric acid). Mixed wastewater streams containing nickel ions or other high foaming wetting agents, with pH values in weakly acidic or basic range >pH 5 are not amenable to treatment with this technique.
Doubling of the anode surface area at a constant current density shows a 20% increase in decomposition rate. Increasing CD from 2 to 4 A/dm 2 (20-40 ASF) raised the rate of decomposition by 30%, but also caused too rapid a temperature rise for sustained operations, since the 65 W C maximum temperature of the reactor materials was reached too quickly and the reaction had to be stopped before the required conversion. Tests in continuous mode with circulation of the electrolyte showed lower degradation (50%) rates than batch treatment for the same treatment times. The reaction requires limiting contact time of solution with anodes in a quiescent electrolyte. The electrochemical oxidative destruction of PFAS in the solution also forms the Cr 3þ ion by reduction at the same time in a 1:1 relationship with respect to Cr 6þ ion concentration. This favorable result reduces chemical costs of sodium bisulfite, which is commonly used for this reduction in conventional Cr 6þ containing wastewater treatment. An optimum cycle for wetter reduction produced 50-70% reduction of Cr 6þ to Cr 3þ . Table 1 shows a comparison of different treatment methods for PFAS elimination/reduction techniques for a concentration in the 10,000 μg/L (10 ppm) range in wastewater.
Technology comparisons
The installation costs for the reactor varies from 35,000-50,000 Euro depending on whether the less expensive Polypro (maximum operating temp. 60 W C) or PVDF (maximim operating temp. 65 W C) is used. The operating costs are only electricity, specifically 2,000 A and 7-8 V or 15 kW at current prices. Although the installation costs, depending on materials and dimensions, for a C-treat system is 20,000 Euro (ca. US$27,000), the operating costs are 38,000 Euro (US $51,000) with [PFAS] of 10,000 µg/L (10 ppm) in the chromecontaining waste. If the PFAS were 1,000 µg/L (1 ppm) the operating costs are 90% lower because of the longer service life of the adsorption bed. A 500 liter volume of chrome waste requires 2.5 h for C-treat with 1 h contact time, whereas the E-treat is 85-99% efficient compared with C-treat depending on initial concentration. At high concentration, >10,000 µg/L (10 p the pm) E-treat is more effective than C-treat method. At concentration <5,000 µg/L (5 ppm) the C-treat method works effectively. Coupling E-destruct with C-treat polishing reduces the operating costs and increases capacity of the carbon bed by 10 times. Anion exchange resin system (IX) which, although it uses a more expensive material (Lewatit K6382 resin) than C-treat, the loading capacity is seven times higher for PFAS (3-4 g/kg resin vs. 0.6 g/kg C-treat) and, thus, the initial cost is overcompensated.
Although both PFOS and H4PFOS are effectively removed by E-destruct, the short chain byproduct PFBS (polyfluorobutylsulfonate) present at 10% concentration in PFOS is not as efficiently removed as PFOS by the new Etreatment method and, thus, a C-treat polish would also be required in this case. to treat two liters of chromic wastewater with a similar H4PFOS starting concentration. The applied current density is 2 A/dm 2 and the temperature was kept ±1 W C constant at 40 W ; 50 W and 60 W C by using a thermostated cell. 
